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Abstract 
In this paper, a macro-scale 2-DOF energy harvester (EH) prototype is designed based on the human motion 
frequency range and bandwidth. Harvester parameters are selected according to the concept of the vibration absorber 
to achieve two close resonance frequencies at ±20% of the mean frequency of the frequency range 1-10 Hz, which 
matches the human motion. Simulation and experimental work are carried out to validate the design parameters and 
the system performance. The harvester is subjected to harmonic accelerations within 1g which represents the 
dominant acceleration of the human motion. The proposed device provides a power of at least 18μW in between the 
two close resonant peaks of 4 Hz and 6 Hz, which is the target frequency range. The device shows high power per 
square of the mean frequency compared to the reported harvesters in the literature. 
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1. Introduction 
Development of a micro-scale device that can harvest energy from human motion is still very attractive 
point of research. Such a device is essential for a wide variety of applications such as self-powered 
wireless sensors and biomedical implants in which energy source is needed. Micro-electro mechanical 
system (MEMS)-based energy harvesting (EH) devices is more compatible with microelectronics 
applications besides to its low weight and volume [1]. On the macro-scale, one of the most challenging 
issues in designing an EH device is to obtain high power at low frequency and wide bandwidth. Several 
2-DOF EH devices have been developed to increase the bandwidth achieving two close resonance 
frequencies [2, 3]. In literature, for 2-DOF harvester, there is no systematic methodology developed for 
the selection process of the system parameters (mass and spring constants) to target a certain frequency, 
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bandwidth, and high power. So, this paper focuses on developing a design procedure for the system 
parameters based on the frequency and the bandwidth of the human motion spectrum, and validating the 
selected parameter by simulation and macro scale model. 
2. Energy Harvester Design 
 
Because one of the main targets is to develop an EH with wide bandwidth, a 2-DOF energy harvester is 
selected here. The 2-DOF EH, as shown in Figure 1 (a) consists of two masses m1 and m1, two springs k1 
and k2 .The wide bandwidth of this 2-DOF system is attributed to the frequency range between the two 
amplitude peaks at resonances compared to the one peak for the single-DOF system. The dynamic model 
of this system under the base excitation force of tff Zsin0 is given as follows: 
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where 0f and߱ are the amplitude and frequency of the exciting force, respectively. x1 and x2 are the 
displacements of m1 and m2, respectively. The amplitudes X1 and X2 of x1 and x2, respectively, can be 
expressed as:  
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From Equation (2), the amplitude X1 of the main system mass m1 becomes zero when the exciting 
frequency ߱reaches the value of ɘଶଶ ൌ ඥ݇ଶȀ݉ଶ . At this condition, the amplitude of the second mass 
becomes ܺଶ ൌ െܨ଴Ȁ݇ଶ as shown in Figure 1 (b). This is the well-known condition for the second spring-
mass system to work as a vibration absorber suppressing the displacement of the first mass. This 
condition plays a critical role in the design, as it will be explained later. 
3. System Parameter Simulation 
 
Based on the design procedure proposed in [4] to obtain the maximum power with a specific frequency 
and bandwidth, the system parameters can be selected. First, from the characteristic equation of the 2-
DOF EH system shown in Figure 1(a), the relationship between the two resonance frequencies and the 
system parameters (m1, m2, k1, k2) can be obtained as follows: 
 
 
 
 
 
 
 
 
(a)                                                                                                            (b) 
Figure 1: a) Schematic diagram of a vibration absorber.  b) Normalized amplitudes vs. normalized frequency. 
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Type Frequency  Type Max stress at  k2 Modal  analysis  1st mode at 5 Hz Stress analysis 6 MPa  at 5 Hz 
(a)      (b) 
Figure 2: a) Modal analysis. b) Stress analysis 
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The two resonance frequencies are taken as ±20% of߱ ൌ30 rad/s (5Hz); namely, ߱ଵ=24 rad/s and 
߱ଶ=36 rad/s, which matches with the human motion frequency and bandwidth [1]. Then, based on a 
specific volume 8×5×1cm3, m1, m2, k1, k2 can be calculated based on the design procedure [4] with  
Equations (4) and (5) to achieve the desired resonance frequencies. It yields݉ଵ ൌ ͺͷ݃݉,݇ଵ ൌ
͹ͲȀ,݉ଶ ൌ ͳ͵ǤͶ݃݉ and ݇ଶ ൌ ͳʹȀ. ANSYS software is used for creating a virtual testing setup 
for the proposed EH device with the selected parameters. The springs k1 and k2 of the EH device are 
modeled as Acrylic material (Young’s modulus of 2.5 GPa). The masses are modeled as Copper (Young’s 
Modulus of 117GPa).Two analyses are performed to validate the device performance as shown in Figure 
2(a, b). The first is the modal frequency analysis to determine the modal shapes of the EH system. The 
second is the harmonic response analysis to determine the displacement of mass ݉ଶ and the stress 
induced in k2. 
4. Fabrication and Testing 
 
Vibration testrig is used to create a real testing for the proposed EH device with the selected parameters 
as shown in Figure 3(a). The harvester body and the masses are fabricated as Acrylic and Copper, 
respectively. The energy transduction is carried out by a piezoelectric element PVDF at k2. For an 
exciting acceleration of 1g, the voltages generated by the piezoelectric element PVDF at k2 are 5.7 V and 
5.5 V at the two resonance frequencies of 4Hz and 6Hz, respectively, as shown in Figure 3(b). 
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(a)                    (b) 
Figure 3: a). Experimental testing setup of the proposed 2-DOF energy harvesting system. In the photo: (1) Laptop 
with Lab view Signal Express, (2) Shaker power amplifier 9263 modules, (3) Electromagnetic shaker, (4) PVDF 
harvester, (5) Aluminium holder, (6) Accelerometer, (7) PXI-DAQ 6259, (9) LMS data acquisition system for 
accelerometer.  b) Experimental open circuit output voltage vs. frequency. 
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Table 1: Comparison between the proposed system and some other published wide bandwidth EH systems. 
 
A Exciting Acceleration, BW Bandwidth, CF Center Frequency, P/SMF Power per Square of the Mean Frequency 
 
The fabricated harvester is excited using an electromagnetic shaker. Based on 2MΩ resistance, the 
calculated mean value of the harvested power by the device at the targeted frequencies and bandwidth is 
18μW. Because the power is proportional to square frequency (P/SMF); the P/SMF is used to compare the 
generated power with the reported values as shown in Table 1. The generated P/SMF is shown to be 30 
times larger than that of the best reported values. 
5. Conclusions 
 
A detailed design procedure of a 2-DOF piezoelectric EH system is presented here to harvest the human 
motion energy based on the human motion spectrum. The system design parameters are selected to satisfy 
the condition of a vibration absorber and constrained by volume of (8×5×1) ܿ݉ଷ. This helps to get wide 
bandwidth and high output power. A finite element model and experimental test rig are developed to 
investigate the system performance. The generated useful power of the system at a total damping ratio of 
0.1 and exciting acceleration of 1g is 18 μW. 
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